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h i g h l i g h t s
 A metal-calixarene aggregate was obtained by solvothermal method.
 A zigzag chain with Co4-TC4A SBUs bridged by V-shaped dicarboxylic acids formed.
 The chain exhibits a coordination nanotubular channel along the b axis.a r t i c l e i n f o
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The reaction of cobalt chloride with p-tert-butylthiacalix[4]arene (H4TC4A) and 1,3-di(4-carboxy-
phenyl)benzene (H2DCPB) in solvothermal condition results in a novel calixarene-based compound
H{[Co4Cl(TC4A)](DCPB)2}. The compound was characterized by single crystal X-ray diffraction, EDS anal-
ysis, TG analysis and IR spectroscopy. The structure was featured with some zigzag chains containing the
coordination nanotubular channels, which are constructed by bridging the shuttlecock-like Co4-TC4A
secondary building units (SBUs) with the V-shaped DCPB ligands. In order to evaluate the porosity, the
N2 sorption measurement was carried out.
 2013 Elsevier B.V. All rights reserved.1. Introduction
Coordination polymers have attracted great attentions due to
their fascinating topologies and potential applications [1].
p-tert-Butylthiacalix[4]arene (H4TC4A), a calixarene derivative
with four sulfur bridge atoms, has proved to be a good ligand for
the construction of polynuclear complexes [2]. Recently, a series
of complexes based on H4TC4A were synthesized [3–9], in which
the shuttlecock-like Co4-TC4A SBUs are bridged by different linkers
into different structures. For instance, the N-donor ligands such as
azides and azoles bridge these SBUs into one-dimensional chains,
isolated sandwich-like octanuclear clusters [3], wheel-like Co16
and Co24 metallamacrocycles [4,5]. The O-donor ligands such as
aromatic carboxylic acids can link these SBUs into some nanosized
coordination cages, squares or polynuclear aggregates. In our for-
mer work, we obtained four octahedral nanocages by linking six
Co4-TC4A SBUs with eight planar ternary acids such as 1,3,5-ben-
zenetricarboxylic acid and 4,40,40 0-benzene-1,3,5-triyl-tribenzoicacid [6]. Differently, Hong et al. obtained another coordination
nanocage by bridging six Co4-TC4A SBUs with twelve 1,4-benzene
dicarboxylic acid [7]. We also obtained a 2D layer structure 1,4-
benzene dicarboxylic acid and the window frame-like squares with
1,3-benzene dicarboxylic acid (1,3-H2BDC) and 2,6-pyridine dicar-
boxylic acid [8]. Some other complexes were also obtained with
mono-carboxylic acids [9]. As an extension of our work on the
squares based on H4TC4A and aromatic dicarboxylic acids, we
chose another rigid V-shaped dicarboxylic acid 1,3-di(4-carboxy-
phenyl)benzene (H2DCPB) to construct bigger coordination
squares. Unexpectedly, we obtained a wave-like chain compound
H{[Co4Cl(TC4A)](DCPB)2} (CIAC-205, the counterion H+ was added
by charge balance), which exhibiting some coordination nanotubu-
lar channels.2. Experimental section
2.1. Materials and measurements
p-tert-Butylthiacalix[4]arene (H4TC4A) was synthesized by lit-
erature method [10], and other reagents were purchased from
Fig. 1. A zigzag chain of Co4-TC4A SBUs and V-shaped H2DCPB in CIAC-205: (a) with a scheme for the V-shaped dicarboxylic acid; (b) with a scheme for the nanotube
penetrating the chain.
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Cl were performed on a HITACHI S-4800 Scanning Electron Micro-
scope. TG-DTA measurement is performed on a PYRIS DIAMOND
from room temperature to 850 C, with a heating rate of
10 C min1 under atmosphere. FT-IR spectra (KBr pellets) were ta-
ken on a Bruker Vertex 70 spectrometer. N2 adsorption measure-
ment was performed on a Micromeritics ASAP 2020 machine.Fig. 2. Side-view of a zigzag chain: (a) n2.2. Preparation of CIAC-205
H4TC4A(0.07 g, 0.1 mmol), CoCl26H2O (0.1 g, 0.4 mmol), H2-
DCPB (0.03 g, 0.08 mmol), DMA (5 ml), CH3OH (5 ml) and concen-
trated HCl (0.2 ml) were placed in a 20 ml Teﬂon-lined autoclave
which was kept at 130 C for 3 days and then slowly cooled to
room temperature at about 4 C/h. Several purple block crystalsormal model; (b) central projection.
312 M. Liu et al. / Journal of Molecular Structure 1049 (2013) 310–314of CIAC-205were obtained. Elemental analysis (%): C 57.38, H 4.74;
found: C 59.28, H 4.23. The EDS analysis reveals that the molar ra-
tio of Co, S and Cl molar is 5.61: 5.48: 1.47, comparable to the ex-
pected value 4: 4: 1. FT-IR (cm1): 3288(w), 3051(w), 2963(s),
2855(w), 1934(w), 1589(s), 1548(s), 1439(s), 1399(s), 1304(w),
1250(s), 1168(s), 1087(s), 1006(s), 844(s), 763(s), 701(s), 648(m),
485(s), 451(s).2.3. X-ray crystallography
The intensity data were recorded on a Bruker APEX CCD system
with Mo-Ka radiation (k = 0.71073 Å). The crystal structures were
solved by means of Direct Methods and reﬁned employing full-ma-
trix least squares on F2 (SHELXTL-97) [11]. Crystal data for CIAC-
205 (excluding the counterions and solvent molecules): C80H68-
ClCo4O12S4, M = 1620.75 g/mol, monoclinic, P21/m, a =
11.6639(18) Å, b = 24.638(4) Å, c = 19.142(3) Å, V = 5418.9(14) Å3,
Z = 2, Dcalcd = 0.993 g cm3, l = 0.745 mm–1, T = 188(2) K, hmax =
25.00, F(000) = 1666, crystal dimensions 0.48  0.36  0.18 mm3,
reﬂections collected/unique, 51203/9781 (Rint = 0.1018), ﬁnal
R1 = 0.0865, wR2 = 0.2335 [I > 2r(I)], GooF = 1.021. All the non-
hydrogen atoms were reﬁned anisotropically. The hydrogen atoms
were generated theoretically onto the speciﬁc atoms and reﬁned
isotropically with ﬁxed thermal factors.Fig. 3. Extended structure of CIAC-205: (a) w3. Results and discussion
3.1. Crystal structure of CIAC-205
CIAC-205 crystallizes in a monoclinic system with space group
P21/m. There are three independent cobalt atoms, one chlorine
atom, a half of TC4A molecule and a DCPB molecule in an asym-
metric unit. All the cobalt sites are six-coordinated by two carbox-
ylate oxygen atoms from two different DCPB molecules, two
phenolic oxygen atoms, one bridging sulfur atom and one chloride
anion. Four adjacent cobalt atoms bonding a same TC4A molecule
form a Co4 square in which the Co–Co distances are of 3.23/3.25 Å,
located in the range of 3.23–3.28 Å observed for the reported nano-
cages [6]. As in the reported Co-TC4A compounds, [6–8], a TC4A
molecule adopts a cone conformation and bonds a tetranuclear
Co4 square through its four phenolic oxygen atoms and four sulfur
atoms to form a shuttlecock-like Co4-TC4A SBU. Each SBU is
bonded by four DCPB molecules. Different from those bridged by
tricarboxylic acids into the nanocages [6], these SBUs are further
interconnected by the DCPB molecules through their two carboxyl
groups into some inﬁnite wave-like chains, in which all the calixa-
rene molecules cap the wave crest and troughs (Fig. 1). Interest-
ingly, when viewed along the b axis, the chain exhibits a
quadrangular pore which extends along the chain so that the chain
can be thought as a coordination nanotube (Fig. 2). The dimensionsires/sticks model; (b) space-ﬁlling model.
Fig. 4. Comparison of CIAC-205 and a window frame-like square formed with 1,3-
BDC (CIAC-201) or the different dicarboxylic acids. (a, c, e): CIAC-205 and H2DCPB;
(b, d, f): CIAC-201 and 1,3-H2BDC.
Fig. 5. TG-DTA curves of compound CIAC-205.
Fig. 7. N2 and CO2 sorption isotherms on CIAC-205.
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two opposite edges). The extended structure of CIAC-205 is stacked
by these nanotubes in the ac plane (Fig. 3).
Although the molecular structure of H2DCPB is similar to 1,3-
H2BDC, that is, the angles between two carboxyl groups are nearFig. 6. SEM images for the porous resto 120 (exactly, 116.2 and 118.2, respectively, Fig. 4c and d),
the structure of CIAC-205 is quite different from CIAC-201, in
which the Co4-TC4A SBUs are connected by 1,3-H2BDC into some
isolated squares (Fig. 4b). Upon close observation of these two
structures, it is observed that the angles for three adjacent Co4-
TC4A SBUs are of 73.3 and 90, respectively (Fig. 4a and b). If a
similar square forms with H2DCPB, there must be two angles being
of 106.7which would lead to higher steric strain and less stability.
To explain the formation of these two different structures, the
structures of H2DCPB and 1,3-H2BDC are further compared. It is
found that the dihedral angles between two carboxyl group planes
are of 55.3 and 18.3/22.2 for H2DCPB and 1,3-H2BDC, respectively
(Fig. 4e and f), which would contribute to the different structures.3.2. TG measurement
Thermal gravimetric (TG) curve of compound CIAC-205 exhibits
two-step weight loss in the range of room temperature to 480 C
(Fig. 5). The weight loss from room temperature to 380 C can be
assigned to the release of all the lattice solvent molecules. The sec-
ond step ranging from 380–480 C can be attributed to the gradual
decomposition of the compound. The CoO residue has 16% weight
of the feed, which is close to the calculated value (18%). To our
great surprise, the crystals become porous after pyrolysis. A sys-
tematic low-magniﬁcation scanning electron microscope (SEM)
investigation showed that the residual block is constructed by
some conglutinated small particles and its surface is besprinkled
with some slits (Fig. 6), which might be due to the expulsions of
the generated gases during the decomposition of the ligands inside
the lattice [5,12]. It presents another example for the preparation
of porous metal oxides from the metal–organic precursors.idue of CIAC-205 after pyrolysis.
314 M. Liu et al. / Journal of Molecular Structure 1049 (2013) 310–3143.3. Gas adsorption capability of CIAC-205
The porosity of CIAC-205 was evaluated by measuring the N2
adsorption at 77 K. Before adsorption measurements, CIAC-205
was activated with supercritical carbon dioxide (SCD) [6] to get
the guest-free pores. As shown in Fig. 7, the N2 isotherm at 77 K
with a sharp increase at low pressure exhibits typical type-I
adsorption behavior, which suggests that this compound possesses
permanent micropores. The second increase in sorption from the
pressure at P/P0 = 0.5 is attributed to sorption on the mesopores
and the third at approaching saturation pressure can be attributed
to the external crystallite surface. Langmuir surface area and BET
surface area were estimated to be 473.53 m2 g1 and
347.86 m2 g1, respectively. A whole hysteresis of desorption was
observed in the isotherm. A hysteresis was also observed in the
CO2 isotherm (Fig. 7, insert).
4. Conclusion
In summary, a zigzag chain-like complex was obtained by the
solvothermal reaction of p-tert-butylthiacalix[4]arene, 1,3-di(4-
carboxyphenyl)benzene and cobalt dichloride. In the structure,
the Co4-TC4A shuttlecock-like SBUs are bridged by V-shaped H2-
DCPB into the zigzag chains, which exhibit quadrangular nanotu-
bular channels. It is found that, other than the formation of
similar window frame-like squares as those with 1,3-H2BDC, the
formation of these chains might be due to the larger dihedral angle
between the carboxyl group planes of H2DCPB compared with that
of 1,3-H2BDC. It would be possible to get bigger nanotubular chan-
nels if bigger V-shaped ligands are chosen. The efforts to prepare
abundant calixarene-based aggregates with other bigger ancillary
ligands are ongoing.
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